Cerebral Cortex, January 2017;27: 534-543

doi:10.1093/cercor/bhv248
Advance Access Publication Date: 22 October 2015
Feature Article

FEATURE ARTICLE

Alterations in Anatomical Covariance in

the Prematurely Born

Dustin Scheinost!’, Soo Hyun Kwon?, Cheryl Lacadiel, Betty R. Vohr®,
Karen C. Schneider?, Xenophon Papademetris’3, R. Todd Constablel#
and Laura R. Ment?>

'Department of Diagnostic Radiology, “Department of Pediatrics, >Department of Biomedical Engineering,
“Department of Neurosurgery, *Department of Neurology, Yale University School of Medicine, New Haven, CT,
USA, ®Department of Pediatrics, Warren Alpert Brown Medical School, Providence, RI, USA and 7Magnetic
Resonance Research Center, New Haven, CT 06520-8043, USA

Address correspondence to Dustin Scheinost, PhD, Magnetic Resonance Research Center, 300 Cedar St, PO Box 208043, New Haven, CT 06520-8043, USA.
Email: dustin.scheinost@yale.edu

R. Todd Constable and Laura R. Ment contributed equally to this work.

Abstract

Preterm (PT) birth results in long-term alterations in functional and structural connectivity, but the related changes in
anatomical covariance are just beginning to be explored. To test the hypothesis that PT birth alters patterns of anatomical
covariance, we investigated brain volumes of 25 PTs and 22 terms at young adulthood using magnetic resonance imaging. Using
regional volumetrics, seed-based analyses, and whole brain graphs, we show that PT birth is associated with reduced volume in
bilateral temporal and inferior frontal lobes, left caudate, left fusiform, and posterior cingulate for prematurely born subjects at
young adulthood. Seed-based analyses demonstrate altered patterns of anatomical covariance for PTs compared with terms.
PTs exhibit reduced covariance with R Brodmann area (BA) 47, Broca’s area, and L BA 21, Wernicke’s area, and white matter
volume in the left prefrontal lobe, but increased covariance with R BA 47 and left cerebellum. Graph theory analyses
demonstrate that measures of network complexity are significantly less robust in PTs compared with term controls. Volumes in
regions showing group differences are significantly correlated with phonological awareness, the fundamental basis for reading
acquisition, for the PTs. These data suggest both long-lasting and clinically significant alterations in the covariance in the PTs at
young adulthood.
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Introduction Alterations in the development of brain structure and function

Preterm (PT) birth represents a global health problem (Beck et al. have been postulated as predictors of these developmental out-

2010) with PT infants at high risk of brain injury and future cogni-
tive impairment (Saigal and Doyle 2008; Hack 2009). Language de-
lays, fine motor difficulties, and executive function problems are
common in PT toddlers (Foster-Cohen et al. 2010) and related aca-
demic difficulties persist through childhood into young adult-
hood (Hille et al. 2007; Pritchard et al. 2014; Vohr et al. 2014).

comes (Kwon et al. 2014). Using magnetic resonance imaging
(MRI), the structural consequences of PT birth on the developing
brain are well documented. Smaller cortical and subcortical vo-
lumes are consistently observed in PT infants (Inder et al. 1999;
Ball et al. 2012), children (Peterson et al. 2000), and adolescents
(Nosarti et al. 2008) Similarly, regional differences in white
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matter volumes are observed across the same time interval
(Peterson et al. 2003; Giménez et al. 2006). While emerging re-
search suggests that structural alterations attributable to PT
birth are long-lasting (Bjuland et al. 2014; Nosarti et al. 2014;
Aanes et al. 2015), investigations of young adults born PT have
been relatively less explored.

Traditionally, such structural analyses have concentrated on
focal regional differences (Bjuland et al. 2014; Aanes et al. 2015).
However, morphological features of different brain regions are
not independent of those of other areas, and the brain shows a
high level of coordination between different structures (Mechelli
et al. 2005; Raz et al. 2005; Lerch et al. 2006). This coordination, or
covariance, of morphological features is often referred to as ana-
tomical covariance (Mechelli et al. 2005; Evans 2013) and appears
to be a key marker of typical development present in early child-
hood (Zielinski et al. 2010, 2012; Raznahan et al. 2011; Alexander-
Bloch, Raznahan, et al. 2013; Zielinski et al. 2014). Using regions of
interest (ROIs), or “seeds,” patterns of anatomical covariance
have been linked to developmental disorders such as schizophre-
nia (Mitelman et al. 2005) and autism (Zielinski et al. 2012). Simi-
larly, seed-based patterns of anatomical covariance in PT
subjects at age 14-15 years suggest that changes in language re-
gions may alter the development of other structurally related re-
gions (Nosarti et al. 2008, 2011).

In addition to seed-based approaches, network-level ap-
proaches for anatomical covariance have recently been devel-
oped (He et al. 2008; Bernhardt et al. 2011; Chen et al. 2011,
Alexander-Bloch, Raznahan, et al. 2013). These approaches inter-
rogate the covariance patterns of every pair-wise combination of
brain regions, forming a network or graph. The topography of
these graphs can then be summarized using graph theory mea-
sures. As covariance patterns are not limited to only a small
number of seed regions, a more complete picture of anatomical
covariance and their alterations in PT birth can be observed.

To test the hypothesis that PT birth alters patterns of brain
morphometry at regional, seed, and network levels, we investi-
gated brain volumes of 25 prematurely born participants and 22
term controls at young adulthood using anatomical MRIs. Ten-
sor-based morphometry (TBM,; Staib et al. 2006) was used to cal-
culate voxel-wise estimates of volume, which were used for
comparisons of regional volume and seed-based patterns of ana-
tomical covariance. Finally, graphs of anatomical covariance
were created, and graph theory metrics of segregation and inte-
gration were compared between study groups, providing for the
first time a whole brain measure of anatomical covariance in PT
subjects at young adulthood.

Methods

This study was performed at the Yale University School of Medi-
cine, New Haven, CT, and Warren Alpert Brown Medical School,
Providence, RI. The protocols were reviewed and approved by in-
stitutional review boards at each location. Written consent was
obtained from all study participants. All scans were obtained
and analyzed at the Yale University School of Medicine.

Participants

The participants consisted of a cohort of 25 prematurely born
young adults with no evidence of intraventricular hemorrhage
(IVH), periventricular leukomalacia, and/or low-pressure ventri-
culomegaly. Excluding these common brain injuries allows for
the investigation of the primary sequelae of premature birth,
not secondary effects related to brain injuries. All PT participants

Table 1 Demographic and cognitive data for the study participants

Preterm Term P-value
(N=25) (N=22)
Male, n (%) 13 (52) 10 (45) 0.77
Age at scan, years + SD 20+£0.96 19.74 +1.09 0.38
Left-handed, n (%) 3(12) 1(4.5) 0.61
Non-white, n (%) 7 (28) 6 (27) 0.99

14.95+2.77 0.09
16.26 +0.29 0.01

Maternal education, years +SD  13.63 +2.45
Age at assessment, years +SD  16.1+0.09
WISC-III
FSIQ, mean + SD 91.75+11.96 103.14+19.23 0.03
PIQ, mean + SD 93.08 +12.73 106.62 +20.04 0.01
VIQ, mean + SD 91.96 +11.67 99.67 +17.58 0.10
Verbal comprehensionindex 92.46+11.48 99.38+11.48 0.12
PPVT
PPVT, mean + SD
CTOPP
Rapid naming, mean + SD
Phonological awareness,
mean + SD

99.67 +18.76 102.55+23.49 0.65

103 +20.6 97.82+13.2 0.31
80.36 +11.95 90.04+10.72  0.007

Table 2 Demographic and cognitive data for the study participants

Preterm

Birth weight, g+ SD (range)
Gestational age, weeks + SD (range)

962.7 +170.1 (660-1200)
28.1+1.78 (25-31)

BPD, n (%) 6 (24)
Necrotizing enterocolitis, n (%) 0(0)
Retinopathy of prematurity, n (%) 9 (36)
5 min APGAR score, median (range) 7 (4-9)

consisted of young adults who were enrolled in the follow-up MRI
component of the Multicenter Randomized Indomethacin IVH
Prevention Trial at the Yale University School of Medicine and
Brown University (Ment et al. 1994). Only those PT young adults
who lived within 200 miles of the Yale MRI research facility
were eligible for this protocol. Participants were between 18 and
22 years old, with a mean age of 20+ 0.96 years. Demographic
data are provided in Table 1.

Neonatal characteristics of the PT participants are provided in
Table 2. The PT participants weighed between 660 and 1200 g at
birth (mean birth weight of 962.7 +170.1 g) and were born be-
tween 25 and 31 weeks of gestation (mean gestational age of
28.1+ 1.8 weeks).

Twenty-two term control young adults were recruited from
the local communities of the study children. They were group-
matched to the PT young adults for age, sex, handedness, and mi-
nority status as summarized in Table 1.

While PT participants were screened and excluded based on a
previous history of structural brain abnormities, scans for all PT
and term participants were additionally read by an attending
neuroradiologist blinded for group and neonatal hospital course.
All scans were free of structural abnormalities.

Neurodevelopmental Assessments

The assessments of neonatal health status and neurologic out-
come have been outlined in prior work (Peterson et al. 2000).
Full cognitive assessment for both term and PT participants
was performed approximately 4 years before imaging when
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participants were 16 years old. Blinded assessment of intelli-
gence was performed using the Wechsler Intelligence Scale for
Children-III (WISC-III). Participants also received the Peabody Pic-
ture Vocabulary Test-Revised (PPVT-R) and composite scores of
the Comprehensive Test of Phonological Processing (CTOPP), in-
cluding Rapid Naming and Phonological Awareness. For a subset
of the participants (18 PTs and 8 terms), a brief cognitive assess-
ment, including the CTOPP and the PPVT, was performed at age
20 years on the same day as the imaging.

Imaging Parameters

Participants were scanned in a Siemens 3-T Tim Trio scanner.
After a first localizing scan, a high-resolution 3D volume was col-
lected using a magnetization-prepared rapid gradient-echo se-
quence (176 contiguous sagittal slices, slice thickness 1 mm,
matrix size 192 x 192, field of view =256 mm, time repetition =
2530 ms, time echo =2.77 ms, and flip angle =7°).

Tensor-Based Morphometry

First, images were skull-stripped using FSL BET (Smith 2002) and
any remaining nonbrain tissue was manually removed. All fur-
ther analysis was performed using Biolmage Suite (Joshi et al.
2011) unless otherwise specified. Images were aligned to the
MNI space using a 12-parameter affine registration by maximiz-
ing the normalized mutual information (Studholme et al. 1999)
between individual scans and the MNI template brain. These
aligned images were averaged together to form the initial tem-
plate using a nonlinear registration.

For TBM analysis, images were nonlinearly registered to an
evolving group-average template in an iterative fashion. This al-
gorithm iterates between estimating a local transformation to
align individual brains to a group-average template and creating
a new group-average template based on the previous transfor-
mations. The local transformation was modeled using a free-
form deformation parameterized by cubic B-splines (Rueckert
et al. 1999; Papademetris et al. 2004). This transformation de-
forms an object by manipulating an underlying mesh of control
points. The deformation for voxels in between control points
was interpolated using B-splines to form a continuous deform-
ation field. Positions of control points were optimized using con-
jugate gradient descent to maximize the normalized mutual
information between the template and individual brains. After
each iteration, the quality of the local transformation was im-
proved by increasing the number of control points and decreas-
ing the spacing between control points to capture a more precise
alignment. A total of 5 iterations were performed with decreas-
ing control point spacings of 15, 10, 5, 2.5, and 1.25 mm. To help
prevent local minimums during optimization, a multiresolution
approach was used and 3 resolution levels were used at each
iteration.

The determinant of the Jacobian of the deformation field was
used to quantify local volume differences between the registered
images and the template (Staib et al. 2006; Hua et al. 2008). This
metric provides an estimate of voxel-wise volume changes for
all transformed images with respect to the group-average tem-
plate and was used for further analysis.

Seed-Based Anatomical Covariance

Based on regions of significant volume differences, seed regions
were chosen for standard anatomical covariance analysis. The
volumes of these seed regions, calculated as the average

determinant of the Jacobian in the seed, were extracted and
used as covariates in linear models (described below).

Graph Theory Analysis of Anatomical Covariance

Graphs of anatomical covariance, consisting of 82 cortical and
subcortical regions, were created separately for the term and PT
groups using the Yale Brodmann atlas. For each participant, the
volume (average determinant of the Jacobian) for each region
was calculated. Next, across subject correlation of each region’s
volume with every other region’s volume was computed, result-
ingin an 82 x 82 correlation matrix for each group. Any elementin
these 2 correlation matrices represents the correlation of the vol-
ume for any 2 Brodmann areas (BAs) across either the term or PT
participants. Weighted and binary graphs were created. For
weighted graphs, the edge weights between nodes were assumed
to the correlation coefficients between brain regions. To create
binary graphs, the correlation matrices were thresholded using
a range of density thresholds with any edge greater than the
threshold set to “1” and any edge less than the threshold set to
“0.” Density thresholds ranged from 5% (the minimum threshold
where all graphs were fully connected) to 70% in 5% increments.
Using multiple definitions of the graph model ensures that group
differences are not dependent on arbitrary factors such as
thresholds (Scheinost et al. 2012; Garrison et al. 2015).

For all graphs, 2 measures were chosen to explore the topog-
raphy of the anatomical covariance graphs: Clustering coefficient
and global efficiency. For weighted graphs, average strength was
also explored. Clustering coefficient measures are the extent to
which nodes in a graph tend to cluster together and provide a
measure of local information transfer. Global efficiency is a
measure of information transfer over all the nodes. Complex net-
works, such as those in the brain, are associated with high clus-
tering coefficients and global efficiency, indicating a greater level
of robustness and efficient information transfer (Bullmore and
Sporns 2009). Strength is the sum of the weights for any node
in a graph. Further information about these metrics can be
found elsewhere (Rubinov and Sporns 2010). Graph theory ana-
lysis was performed using the Brain Connectivity Toolbox
(https://sites.google.com/site/bctnet).

Exploratory Analyses of Language and Neonatal Risk
Factors

Based on regions of significant TBM differences, volumes from
these regions were correlated with language measures at age 16
years (Table 1) and neonatal risk factors (Table 2). Standard scores
were used for all language measures.

Statistics

TBM and seed anatomical covariance data were analyzed with
voxel-wise general linear modeling. Age at scan and sex were in-
cluded as covariates. For models of anatomical covariance, seed vo-
lumes and a group-by-volume interaction were added as covariates
of interest. Significant group-by-volume interactions describe brain
regions that show group differences in the correlation between their
volume and the seed region’s volume. Multiple comparisons were
corrected for using Monte Carlo simulation (AFNI AlphaSim). Input
smoothness for these simulations was estimated from the residuals
of the GLMs. Volume results are shown at P < 0.005 corrected with an
initial P threshold of P < 0.005 and anatomical covariance results are
shown at P <0.05 corrected with an initial P threshold of P < 0.05. The
lower P-value for anatomical covariance results is based on the
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assumption that seed-based analysis would produce more wide-
spread patterns similar to patterns of resting-state functional net-
works. Results are overlaid onto the final group-average template.
Partial correlations controlling for sex and age at scan were
employed to examine the relationships between volume and cog-
nitive outcome measures. Permutation testing with 10 000 permu-
tations was used to compare the graph theory measures between
each group. P-values of <0.05 were considered significant.

Demographic and cognitive data were analyzed either using
standard y? statistics or using Fisher’s exact test for categorical
data. Continuous-valued data were analyzed either using t-tests
or Mann-Whitney U-test when a normal distribution could not
be assumed to compare groups. For the purposes of this report,
P-values of <0.05 were considered significant. For exploratory ana-
lyses, presented P-values are left uncorrected for multiple com-
parisons to present preliminary findings and to aid possible
future studies. All analyses were performed using MATLAB
2011b (MathWorks, Natick, MA, USA).

Results

Participants and Neurodevelopmental Assessment

As provided in Table 1, there were no significant differences
between the PT and term groups in gender, age at scan, handed-
ness, minority status, or maternal education. Using the assessment
data at age 16 years, term participants were on average 2 months

older at the age of neuropsychological testing. There were no signifi-
cant differences between the study groups for verbal IQ (VIQ), the
Rapid Naming composite score of the CTOPP, or the PPVT-R. PT par-
ticipants scored significantly (P < 0.05) lower than term participants
on performance IQ (PIQ), full scale IQ (FSIQ), and the Phonological
Awareness composite score of the CTOPP. For participants with as-
sessment data at both age 16 and 20 years, the correlations between
the data at both time points were significant (r > 0.80, P <0.0001).
Full analysis of the assessment data of both times is presented in
Supplementary Material and Table 1.

Tensor-Based Morphometry

For PT participants compared with term controls, the TBM ana-
lysis revealed significantly (P <0.005, corrected) reduced volume
in bilateral temporal lobes (BA 21), bilateral inferior frontal
lobes (BA 47), posterior cingulate cortex (PCC)/corpus callosum,
right caudate, and motor cortex as shown in Figure 1. In addition,
since there was a significant difference in IQ for the study groups,
we independently covaried the results by FSIQ, PIQ, and VIQ, and
found no change in the results in any of these analyses.

Seed-Based Anatomical Covariance

The 7 regions described above were used as seeds for traditional
anatomical covariance analyses. For PT participants compared
with term controls, the volumes of the R BA 47 (Fig. 2A), L BA 21

Figure 1. Comparison of regional volume difference in PT and term young adults derived from TBM. (A) Surface rendering of TBM results showing significantly reduced
volume in bilateral temporal and inferior frontal lobes for PT young adults. The differences were mainly localized to bilateral BA 21 and 47. (B) Axial views of TBM results
showing significantly reduced (P <0.005 corrected) subcortical volume in the right caudate and white matter volume near the PCC for PT young adults. Differences are
shown overlaid on the final group-average template. Surface rendering was created using Biolmage Suite (Joshi et al. 2011).
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Figure 2. Comparison of seed anatomical covariance patterns between PT and term young adults. (A) PT participants showed significantly (P <0.05, corrected) reduced
correlation between the volume of the R BA 47 seed region (shown in green) and the volume of the white matter in the left prefrontal lobe. Additionally, volume of the R
BA 47 seed region showed a significantly (P < 0.05, corrected) greater correlation with left cerebellar volume for PT participants compared with term participants. (B) PT
participants showed significantly (P < 0.05, corrected) reduced correlation between the volume of the R fusiform seed region (shown in pink) and the volume in the left
interior frontal lobe, right temporal-parietal junction, and right motor regions. (C) PT participants showed significantly (P < 0.05, corrected) reduced correlation between
the volume of the PCC seed region (shown in teal) and the volume of right motor regions. (D) PT participants showed significantly (P <0.05, corrected) reduced
correlation between the volume of the L BA 21 seed region (shown in red) and the volume of the white matter in the left prefrontal lobe. (E) PT participants showed
significantly (P <0.05, corrected) reduced correlation between the volume of the R caudate seed region (shown in green) and the volume of the white matter in the
left prefrontal lobe.
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(Fig. 2C), and caudate seeds (Fig. 2E) were significantly less corre-
lated (P <0.05, corrected) with white matter volumes in the left
prefrontal lobe (P <0.05, corrected). Additionally, the volume of
the R BA 47 seed was significantly more correlated (P < 0.05, cor-
rected) with left cerebellar volume in inferior and superior semi-
lunar, simple, biventer, and quadrangular lobules for PT
participants (Fig. 2A). For PT participants compared with term
controls, the volume of the fusiform seed was significantly less
correlated (P <0.05, corrected) with regions of the left inferior
frontal gryus, bilateral gray, and white matter near the tem-
poral-parietal junction and right motor cortex (Fig. 2B). Similarly,
the PCC was significantly less correlated (P < 0.05, corrected) with
regions of the right motor cortex (Fig. 2C). There were no signifi-
cant differences in anatomical covariance detected with the R BA
21, L BA 47, or motor seeds.

Graph Theory Analysis of Anatomical Covariance

Using 82 regions to create group-level correlation matrices, PT
and term participants showed a high level of coordination be-
tween the volumes of each region. However, PT participants
showed significantly reduced average pair-wise correlations
between regions (i.e., “strength”) compared with term subjects
(P <0.05, corrected, permutation test; Fig. 3). In addition, PT parti-
cipants showed a reduced clustering coefficient averaged across
all nodes in the graph compared with the term controls for the
weighted graph (PTs: 0.365+0.06; terms: 0.467 +0.07, P <0.05,
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corrected, permutation test) and at several density thresholds
for the binary graph (P<0.05, corrected, permutation test;
Fig. 3). No differences in global efficiency between the groups
were observed for the weighted (PTs: 0.35+0.10; terms: 0.40 +
0.10) or binary graphs (Fig. 3).

After correcting for multiple comparisons, exploratory nodal
analysis of strength and clustering coefficient for the weighted
graphs revealed no significant nodal differences between groups.
Nodes with the largest between-group differences were generally
located within somatomotor and somatosensory regions (not
shown).

Exploratory Correlation Analyses

Since BA 21 and BA 47 are part of a complex language network, we
explored the hypothesis that the volume in these regions would
be significantly correlated with language assessment measures
for the PT participants but not for term controls. For the PT sub-
jects, the Phonological Awareness composite score of the CTOPP
was significantly correlated (P < 0.05, uncorrected), while control-
ling for sex and age at scan, with volumes in both R and L BA 47
regions and L BA21. Additionally, FSIQ and PIQ were significantly
correlated (P <0.05, uncorrected), while controlling for sex and
age at scan, with volume in R BA 21.

For the term participants, there were no significant correla-
tions between volume in these regions and the Phonological
Awareness composite score. In contrast, FSIQ was significantly
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Figure 3. Comparison of graphs of anatomical covariance between PT and term participants. (Top) Eighty-two anatomical regions based on the Yale Brodmann atlas were
used to create group-level correlation matrices of anatomical covariance. Both groups showed a high level of coordination between the volumes of each region; yet, PT
participants showed significantly reduced average pair-wise correlation between regions (P <0.05, permutation test) compared with term participants. (Bottom) Binary
graphs at several density thresholds were created from these correlation matrices. Clustering coefficient, but not global efficiency averaged across all nodes in the
graph, was significantly reduced in PT participants. Asterisks indicate threshold which group differences were observed at P <0.05 using permutation testing.
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correlated (P <0.05, uncorrected), while controlling for sex and
age at scan, with volume in R BA 21. Neither study group showed
significant correlations between volumes in these regions and
the PPVT, VIQ, or the Rapid Naming composite score. Additional
analysis with the assessment of data at 20 years of age is pre-
sented in Supplementary Material.

Exploratory analyses testing the hypotheses that gestational
age, gender, APGAR scores, bronchopulmonary dysplasia (BPD),
and/or the presence of a patent ductus arteriosus at postnatal
age 5 days would be associated with morphometric data yielded
no significant results.

Discussion

Twenty years after their birth, the PT young adults in this study
demonstrate significant alterations in the developing brain.
Using regional volumes and seed anatomical covariance strat-
egies, we show that PT birth is associated with altered patterns
of covariance and morphometry in the bilateral temporal and in-
ferior frontal lobes, and caudate in PT subjects compared with
term controls; these findings are significantly correlated with a
critical measure of language, phonological processing, in this
vulnerable population. Measures of network complexity and
strength were significantly less in PT participants, suggesting
both widespread and long-lasting alterations in cortical develop-
ment in the prematurely born.

Anatomical covariance of developing brain and the impact of
PT birth are just beginning to be explored. White matter and gray
matter differences in PT adolescents compared with term con-
trols at 14-15 years of age have been shown to be highly corre-
lated with each other, suggesting that these altered structures
are not independent of each other (Nosarti et al. 2008). Addition-
ally, in a follow-up study, seed-based analyses of anatomical co-
variance suggested differential (both increased and decreased)
covariance between frontal and cingulate gyri, caudate nucleus
and cerebellum, as well as several other cortical and subcortical
regions (Nosarti et al. 2011). Finally, significant associations be-
tween white matter injury and abnormalities in deep brain struc-
tures have been reported (Boardman et al. 2006), highlighting the
influence that abnormalities in one brain area may exert over
others.

The critical period for covariance has been postulated to occur
in early childhood (Zielinski et al. 2010, 2012, 2014; Alexander-
Bloch, Giedd, et al. 2013), but recent data suggest that earlier
events may alter this genetically determined phase of develop-
ment. A rapid development of volume and connectivity occurs
during the late second and third trimesters of gestation. During
this period, total brain volume triples (Volpe 2009), white matter
topology forms (Ball et al. 2014), and functional networks emerge
(Thomason et al. 2013, 2014). When compared with term controls
at term equivalent age, PT neonates show significant reduction in
structural and functional network complexity and capacity, and
hallmark brain topologies, such as rich club organization, have
reported significant disruptions in both cortical-subcortical
connectivity and short-distance cortico-cortical white matter
connections (Ball et al. 2014; Scheinost et al. 2015a). Similarly,
ROI-based covariance analyses of functional connectivity de-
monstrated that both resting-state network complexity and
magnitude are reduced in PT neonates (Smyser et al. 2014). Ana-
tomical covariance may recapitulate, or be altered by, these white
matter and functional networks in PT subjects at young adult-
hood (Alexander-Bloch, Raznahan, et al. 2013).

Anatomical covariance has been attributed to genetics, mutu-
ally trophic influences, and/or epigenetic events secondary to

environmental exposures of common experience-related plasti-
city (Evans 2013). The alterations in covariance we report may
be secondary to the aberrant neurogenesis and synaptic matur-
ation reported to occur in the prematurely born (Komitova et al.
2013; Back and Miller 2014). Alternatively, early alterations in
functional and structural networks (Ball et al. 2014; Scheinost
et al. 2015a) may disrupt later genetically programmed events,
such as the coordinated growth of different brain regions. Fur-
thermore, the impact of not only antenatal exposures, but also
gestational age and early intervention strategies, on anatomical
covariance remains largely unexplored. Additional analyses of
these factors in larger cohorts may help identify both critical
time points in the emergence of anatomical covariance in PTs
and the factors that perturb them.

We used multiple complimentary approaches at regional,
seed, and network levels to investigate alterations of morpho-
logical features in PT young adults. Regional analysis using
TBM revealed several focal areas of reduced volume, in line
with previous studies of PT young adults (Nosarti et al. 2014).
However, given the large amount of coordination between differ-
ent regions in the brain (Alexander-Bloch, Giedd, et al. 2013), it is
not surprising that focal differences in brain volume could im-
pact remote regions. These remote effects are not detectable
using traditional TBM (or similar methods such as voxel-based
or deformation-based morphometry), but are detectable with
seed-based analyses. Using seed-based analysis, overlapping
clusters in the right motor cortex and left prefrontal white matter
were observed to demonstrate reduced covariance for several of
the seeds, suggesting a possible network of altered morphologic-
al features. One weakness of the seed-based analyses is that dif-
ferences in covariance can only be observed with reference to the
chosen seed. To observe potential differences in nonhypothe-
sized regions, data-driven approaches using whole brain graphs
of anatomical covariance that test all pair-wise covariance pat-
terns are needed. Significant between-group differences in
strength and clustering coefficient provide further evidence
that morphological features are altered at a network level with-
out needing to examine “a priori” seeds. Taken together, these
complimentary approaches suggest that alterations in morpho-
logical features in the PT brain are not only focal to specific
brain regions, but also widespread, affecting global brain
organization.

The graph theory analysis revealed that average strength and
clustering coefficient, but not global efficiency, were significantly
reduced in PT young adults. Reduced strength suggests a disrup-
tion in the “hubs” of the graph. Hubs are high strength nodes that
allow a graph to form tight clusters of nodes (i.e. large clustering
coefficient) while still permitting for efficient travel between
these clusters (i.e. large global efficiency). As global efficiency
was not reduced, individual nodes likely bypass these hubs and
form their own connections between clusters. Likewise, the in-
creased connections between all nodes in the graph would re-
duce the average clustering coefficient of a graph. Graphs with
high cluster coefficient and high global efficiency are advanta-
geous as they support specialized and integrated information
processing (Bassett and Bullmore 2006). However, further work
is needed to relate alterations in graph models of anatomical co-
variance to neurocognitive deficits in young adults born PT.

Many of our results were localized to regions involved in lan-
guage processing and our exploratory correlation analysis sug-
gested a relationship with these differences and phonological
awareness. Phonological awareness, the ability to deconstruct a
word into phonemes and manipulate them within a word, is
the basis of reading acquisition (Friederici 2009; Saygin et al.
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2013), and was significantly lower in our PT sample. Increased
volume in these regions was positively correlated with phono-
logical awareness, suggesting that preserved volumes were asso-
ciated with typically developing language. Regional volumes of
differences were more pronounced in the right hemisphere;
this may be related to observed reliance on alternative right
hemisphere language regions in PT adolescents (Myers et al.
2010; Scheinost et al. 2015b; Wilke et al. 2014). Consistent with
our previous report of increased functional connectivity between
R inferior frontal gyrus and L cerebellum in PT subjects at age 20
years (Constable et al. 2013), PT participants in this study showed
increased correlation between the volume of the right BA 47 seed
and left cerebellum, a putative alternative language pathway.

The strengths of this study include innovative imaging strat-
egies, prospective collection of subject data, and well-studied co-
horts of both PT subjects and term controls at young adulthood.
Covariance is developmentally regulated, and we report the first
study of anatomical covariance of whole brain graphs in PT sub-
jects and term controls at young adulthood. As PT subjects with
brain injuries were excluded from our analyses, this permits for
the important investigation of the impact of PT birth alone—
not injury—on developing brain. The weaknesses include small
sample size, lack of neonatal MRI studies for the PT subjects,
and failure to demonstrate association between perinatal vari-
ables and volumes. While the sample size may limit the general-
izability of our results, volumetric data in prematurely born
young adults suggest similar alterations in the bilateral temporal
lobe (Nosarti et al. 2014).

Atypical anatomical covariance is a hallmark of developmen-
tal disorders. If the goal of newborn intensive care is to promote
typical development for the prematurely born (Bauer and Msall
2010), both critical periods and regions of altered morphometric
development need to be explored. Future work should interrogate
epigenetic influences contributing to these alterations and de-
velop targeted interventions (Johnson et al. 2009; Thomason
et al. 2014).

Supplementary material

Supplementary Material can be found at http:/www.cercor.
oxfordjournals.org/ online.
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